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1 Introduction
Oganic photovoltaic (OPV) devices have many advantages over other technologies owing to the low
production costs, flexibility and light weight. Many materials have been used as donor, however
concern to the acceptor layer, the most used materials are fullerene (C60) and fullerene derivatives
(PCBM (Phenyl-C61-butyric acid methyl ester)). Despite the great properties as good electron-
accepting ability and high electron mobility, fullerene has a small absorption in the visible light
and small photovoltaic gap with the donor layer that limits the efficiency. In the past years, many
researches are interested in producing OPV devices with higher efficiency through the development
of free-fullerene OPV devices. Recently, a device that achieves a power conversion efficiency of 8.4 %
using α-sexithiophene (6T) as a donor and a combination of boron subphthalocyanine chloride (SubPc)
and boron subnaphthalocyanine chloride (SubNc) in the acceptor layer, has been reported [1]. Despite
the astonishing performance, the energy loss in the open-circuit voltage (Voc) in SubPc/6T device has
been reported as 0.8 eV, which is two times higher than the one observed in C60/6T device. Thus,
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The efficiency of SubPc devices could be improved by adjusting the density of gap states (DOGS) at
the interfaces through the molecular arrangement.
The DOGS is originated, primarily in high polar molecules, by defects that appears as tail
states from the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO) into the band gap region. Ultraviolet photoelectron spectroscopy (UPS) has been
extensively used to study the origin of DOGS for the HOMO region.[2]. The tailing of the density of
states (DOS) mainly appears in high polar molecules because due to the arrangement of permanent
dipoles in the disordered film, a local electric is induced that leads to the formation of tailing states.
Organic films are usually disordered due to the weak interaction of molecules on the solid which affects
the electrical properties [3]. Thus, the study of the intermolecular interactions and physical properties
must be done side by side.
SubPc has a high permanent dipole, thus it is expected that modification on the morphology
of the film leads to modification on the electrical properties. Non planar solar cells are extremely
affected by the orientation of molecules on the film [4]. In order to improve the OPV devices, the
effect of modification in morphology on the electrical properties must be clarify. To do so, this study
is divided in 3 parts. First part is the study of how the misalignment of molecules and the permanent
dipole affect the energy-level alignment at a donor-acceptor interface. The electrical properties where
analyzed using UPS and X-ray photoelectron spectroscopy (XPS). The donor-acceptor interface was
analyzed by growing the organic materials on different substrates: MoO3, SiO2 and Cs2CO3. Next, in
order to compare the electrical properties and the morphology, the same experiment was conducted,
but now, the organic layers are annealed at 150◦C. Subsequently, the same experiment was carried
out, however this time, SubPc was replaced for halogenated SubPc (Cl6Subpc), which has a lower
permanent dipole, as the acceptor layer. The second part of the study was the investigation of the
morphology using scanning transmission X-ray microscope (STXM) combined with near-edge X-ray
absorption fine structure (NEXAFS). The morphology of as-grown SubPc and annealed SubPc thin-
film could be investigated and compared. Beside the main work, the morphology of rubrene was
also studied in this section, in which the grain boundary features could be extracted from the STXM
images. And, in the last section, the relationship between the molecular alignment of SubPc and
Cl6Subpc and the orbital energies was investigated using density functional theory (DFT).
This work is divided as follows: Chapter 2, entitle ”Materials and characterization methods”,
presents the methods and measurement techniques, in which contains the physical principles and
experimental setup. Chapter 3, entitle ”Electronic proprieties at donor-acceptor interface” contains
the discussion about the photoemission spectroscopy measurements and results. The morphological
analysis using STXM and image analysis is presented at Chapter 4 entitle ”Study of local structure
of organic thin-films”. DFT calculation was discussed in the Chapter 5 entitle ”Influence of the
molecular orientation in the energy levels”. In the Chapter 6 entitle ”Study of local structure in
crystalline rubrene” the STXM image analysis at the grain boundary of 2 types of orthorhombic
polycrystalline rubrene is done. The Chapter 7 is the conclusion.
2 Materials and characterization methods
In this chapter the physical principals and experimental methods selected to characterize the organic
thin film are displayed. Also, the organic and inorganic compounds used in this this work are intro-
duced in this section. The chapter is divided in 3 parts. In the first one, it is addressed the compounds,
purification and growth methods. The second section focus on the spectroscopy techniques. And, in
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the last it is addressed the principle of STXM and the image analysis process.
The photoemission spectroscopy measurements were carried at Institute for Molecular Science
(IMS) and Photon Factory (PF), High Accelerator Research Organization (KEK). The UPS is used to
observe the valence region, in which we can extract the HOMO information. On the other hand, the
XPS can give information about the core levels and band bending on the films. The study of DOGS is
carried out using the High-sensitive UPS, which has a low background and high sensitivity. The gap
states has been effectively investigated using this technique [5]. The LUMO was investigated using
low-energy inverse photoemission spectroscopy (LEIPS). Since the emitted electron has low energy,
the degradation in the analyzed sample is reduced [6].
The local structure of the organic materials was investigated using the compact STXM at PF, KEK
[7]. The combination of STXM and NEXAFS is an effective way to evaluate the domain structure,
because the transitions from carbon 1s to the unoccupied pi∗ and σ∗ orbitals can be observed by
choosing the x-ray energy near to c 1s ionization energy. The orientation of the molecule can be
extracted using the following equation:
OD = M
(
P cos2 (β + θ) + (1− P ) sin2 (β + θ)
)
+ C (1)
where OD is the optical density and it is defined as -ln(I/I0). I and I0 are the transmitted intensity
and the background. respectively. By modifying the polarization from vertical (β =90◦) to horizontal
(β =0◦), the in-plane orientation can be calculated for all points. To image the raw data and proceed
to further analysis, an algorithm using Python 3 was written.
3 Electronic proprieties at donor-acceptor interface
This chapter has been partly published in [8, 9] and it is divided in four sections. In the Section 3.1,
in order to have a broaden view about the electronic properties at the organic-organic interface, it
was studied the SubPc/6T interface by growing the organic materials on different substrates: MoO3,
SiO2 and Cs2CO3.Next, the same experiment was carried out, however, to investigate the difference
at the energy levels by controlling the morphology, the organic layers were annealed to produce a
more ordered film. In the Section 3.2 the density of gap state control is summarized. In the Section
3.3, SubPc was replaced by Cl6Subpc in order to evaluate the influence of the permanent dipole in
the energy-level alignment. In the last section, section 3.4, the interface of SubPc and Cl6SubPc on
6T/MoO3 were investigated using high-sensitive UPS and LEIPS.
The donor-acceptor heterojunction was formed by depositing layer-by-layer of SubPc (Cl6Subpc)
on 6T/substrate. The compounds used as substrates were selected due to the work function wide
range, from 6.7 to 3.0 eV, as displayed in Fig. 1. UV-ozone treatment was used to oxidize the Si
in order to obtain a thin layer of Si/SiO2. The others substrate layers were obtained by growing
approximately 5 nm of MoO3 and Cs2CO3 on Si. Afterwards, 5 nm of 6T and acceptor layer were
grown step-by-step in the deposition chamber. The structures were annealed in-situ for 60 s at 150◦C
in the analysis chamber.
As-grown SubPc/6T/substrate
In this section it was discussed the organic-organic interface of SubPc evaporated on 6T/substrate.
The WF of substrate layer varies for 3.0 to 6.7 eV. The wide range of the WF value allow us to obtain
a broaden view about the electrical proprieties at this interfaces.
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Figure 1: Optimized molecular structure of SubPc and 6T (left). Schematic of the energy levels before
the contact(right). The values for work function and ionization potential were measured using UPS.
The band gap energies were obtained from the literature.
After growing the first organic layer on the MoO3 (high WF) substrate, a p-doping is induced on
the 6T layer. On the other hand, charge transfer from the substrate to organic layer was induced on
Cs2CO3 (low WF) substrate. Based on the HOMO onset position, we could still observe the doping
effect induced by the substrate on the SubPc layer. However, since SubPc has acceptor characteristic,
it was observed a charge transfer from 6T to SubPc in both cases. For the SiO2 substrate, on the other
hand, which has an intermediate WF value, the band banding is not noticeable. This means that after
the donor-acceptor interface is formed, the thermodynamic equilibrium can be achieved with a very
small charge transfer.
Based on the peak shift summarized in Figure 2, it is possible to clearly obtain the band bending
on the interface. The S 2p peak shift correspond to a band bending of 6T film and Cl 2p - S 2p
peak shift corresponds to the bending at SubPc. We could observe that due to the tail states on the
SubPc film, after the interface is formed, charge transfer to the tail states in order to achieve the
equilibrium which causes the charge accumulated at interface and band bending. The band bending
at the donor-acceptor interface can limit the Voc which could be the origin of the huge loss at the
SubPc/6T device. Thus, if the band bending could be suppressed, the device might achieve higher
efficiency.
Annealed SubPc/6T/substrate
Here, it is discussed how the morphological modification, due annealing, affects the electrical prop-
erties at the organic-organic interfaces. Figure 3 summarizes the XPS result for annealed SubPc on
6T/substrate. Upon annealing, it was observed a substantial reduction of the core-level shift at the
SubPc/6T films, which is associated to reduction of the charge transfer and band bending at the
interface. This effect can be explained as a contraction of the DOGS of SubPc by the better molecular
stacking, which reduces the available states to charge transfer in order to achieve the thermodynamic
equilibrium.
Owing to annealing, SubPc film became more ordered, consequently, the misalignment of the
permanent dipole inside the film is reduced that minimizes the local electric field, which is responsible
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Figure 2: (a) S 2p3/2 and Cl 2p3/2 Peak shift in function of SubPc deposition thickness for the
as-grown sample on three substrates. (b) Difference of the Cl 2p3/2 and 2p3/2 in function of SubPc
deposition thickness
Figure 3: S 2p3/2 and Cl 2p3/2 Peak shift in function of SubPc deposition thickness for the annealed
sample on two substrates.
for controlling the HOMO DOS and tailing states. Due to decrease of available tail states that
charge can be transferred into, the charge transfer is reduced which reduces the charge accumulated
at interface and band bending. The fluctuation on the peak shift is resulted of the non-uniformity
of the annealed film. By annealing, the film becomes more uniform, however still the process is not
effective enough to align all molecules. The misaligned molecules due to the non-complete ordering
could affect the XPS peak position as well as the DOGS.
Since the layers in the OPV device is very thin (< 100 nm), the non-uniformity of the annealed
film could affect more the efficiency than the improvement due to reduction of DOGS. Thus, in the
next section, SubPc is replaced to Cl6SubPc.
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Cl6SubPc/6T/substrate
Figure 4: (a) S 2p3/2 and Cl 2p3/2 Peak shift in function of Cl6SubPc deposition thickness on MoO3
and Cs2CO3 substrates. (b) Difference of the Cl 2p3/2 and 2p3/2 in function of Cl6SubPc deposition
thickness.
Due to the presence of additional Cl atoms, the permanent dipole of the molecule is reduced
from 4.59 D to 1.43 D. The reduction of the dipole improves the molecular stacking that reduces the
local electric field and fluctuation of polarization energy that leads to a contraction of the DOS and
reduction of tail states. Figure 4 displays the S 2p3/2 and Cl 2p3/2 peak position in function of the
Cl6Subpc film thickness. It is observed a reduction of the DOS due to the lower permanent dipole,
and no observable band bending, similar to the annealed SubPc film grown on 6T/MoO3. However,
for Cs2CO3, due to the high electronegativity of Cl, the charge transfer is enhanced.
Figure 5: HOMO of 6T/MoO3, as-grown SubPc, annealed SubPc and Cl6SubPc on 6T/MoO3. The
FWHM values were calculated by a Gaussian fit.
The broadening of DOS was investigated using high-sensitive UPS and the result is displayed in
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Fig.5. Due to the replacement of SubPc to Cl6SubPc, it was observed a reduction of the HOMO DOS
full width at half maximum (FWHM). This fact corroborates our assumption that the reduction of
permanent dipole improves the molecular stalking and controls the broadening of DOS. Cl6SubPc can
be used as an acceptor in the OPV devices and might improve the Voc due to reduction of tail states.
4 Study of local structure of organic thin-films
Here, it is discussed the morphology of organic thin-films using STXM and image analysis. The raw
data was analyzed using an algorithm developed in Phyton 3. The orientation was extracted using
Eq. 1. Part of the work in this chapter has already been published [9]. This chapter is divided in 2
sections. The first section addresses the comparison of as-grown and annealed SubPc thin film. And
in the Section 4.2, the morphology Cl6SubPc was investigated.
SubPc thin film
Figure 6: OD image of the (a) annealed and (b) as-grown SubPc films. The images were taken at
284.8 eV.
100 nm-thick SubPc thin film was grown on SiN membrane in a deposition chamber (< 5.0x10−9
Torr). The evaporation rate was set as 0.02 nm/s for all samples and the annealed sample was handled
ex-situ for 60 s at 150◦C.
Figure 6 shows the raw STXM image for annealed and as-grown SubPc film taken at 284.8 eV.
It is clearly noticeable the difference due to annealing. The as-grown film is amorphous, however the
annealed one presents two preferential orientation. To extract further information about the crystal-
lization of SubPc, additional image analysis was required. In which the analysis was focused on the C
1s to pi transition resonance peak (284.8 eV). We observed some clusters region by subtracting the ver-
tical mode from the horizontal images. This can be associated to a non-perfect crystallization caused
by no sufficient annealing time and temperature or thickness effect. The non-perfect crystallization
assumption due to annealing corroborates the results in the Chapter 3.2.
The average molecular orientation in this two distinct regions could be extract, which are calculated
as 36±1 and 64±1 for the lower and higher angle regions. The molecular orientation map corroborates
that annealing can modify the morphology of SubPc thin film from amorphous to a more ordered film.
7
Figure 7: Orbital energy for SubPc dimmers calculated for different relative molecular orientations.
5 Influence of the molecular orientation in the energy levels
The molecular orbital energies for single molecule and dimmer of SubPc and Cl6SubPc were calculated
using the hybrid functional b3lyp/6-31G(g,p). By modifying the relative position of the molecules it
was possible to calculate in the case of high dipole and low dipole for both molecules as displayed in
Fig 7(SubPc case). It was observed that variation in the permanent dipole affects the orbital energies,
which corroborates the UPS results. We also observed that, for Cl6Subpc, the position of the Cl, due
to the high electronegativity, has a more noticeable effect on the orbital energies than the permanent
dipole.
6 Study of local structure in crystalline rubrene
In this chapter the local structure in crystalline rubrene using STXM was reported. Part of this work
has been submitted to a journal [10].
The rubrene film was prepared by thermal evaporation on silicon nitride membrane by our collab-
orators at Princeton University. The platelet and spherulite morphology can be achieved by thermal
evaporation of rubrene on an appropriate organic underlayer and selecting the correct annealing tem-
perature [11]. The underlayer improves the crystallization of rubrene by assisting the molecules to
rotate in order to find a lowest energy position and orientation. However, annealing at high tempera-
ture may inhibit long-range order owing to more energy and more rapid crystallization, generating the
spherulite morphology. Although they have the same crystal phase, the charge mobility of the platelet
form has already been reported as 3-4 times higher than the spherulite one. As observed in the STXM
image analysis, it is not only the presence of more grain boundaries, but the grain boundary of the
spherulite crystal has a rougher boundary and more misaligned molecules which may also have a role,
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Figure 8: Angular orientation maps for (a) platelet and (b) spherulite films calculated using Equation
1.
perhaps dominant, in limiting the charge carrier mobility.
7 Conclusion
In this work we wanted to clarify the the relation between the morphology and the electrical properties
in organic in order to improve OPV devices. In order to do so, we first studied the electrical properties
using UPS and XPS. The morphology was mainly investigated by STXM. Also our results were
supported by DFT calculation.
It was observed that the loss in the Voc SubPc/6T device may come from the band bending
at the interface. It was also demonstrated that annealing modifies the film structure, which can
control the charge accumulation and charge transfer at the organic-organic interfaces, due to the
reduction of the DOGS. By the analysis of STXM images, it was notice that the annealing process can
modify the morphology of SubPc film, which corroborates our assumption that the control of defect
reduction can reduce the charge transfer. However the annealed film present some corrugation that
may affect the efficiency. In this scenario, the replacement for a molecule with lower permanent dipole
(Cl6Subpc) may be more effective due to the reduction of tail states. For future work, the SubPc/6T
and Cl6SubPc/6T photovoltaic devices need to be investigated.
Publication list
1. A. L. Foggiatto and T. Sakurai. Charge transfer induced by MoO3 at boronsubphthalocya-
nine chloride/α-sexithiophene heterojunction interface.Japanese Journal of Applied Physics, 57
03EE01 (2018);
2. A. L. Foggiatto , H. Suga, Y. Takeichi, K. Ono, Y. Takahashi, K. Kutsukake, T. Ueba, S.
Kera, and T. Sakurai. Dependence of substrate workfunction on the energy-level alignment
at organic–organic heterojunction interface.Japanese Journal of Applied Physics, 58 SBBG06
(2019);
3. A. L. Foggiatto, Y. Takeichi, K. Ono, H. Suga, Y. Takahashi, M. A. Fusella, J. T. Dull, B.
9
P. Rand, K. Kutsukake, and T. Sakurai. Study of local structure at crystalline rubrene grain
boundaries via scanning transmissionx-ray microscopy. Organic Electronics, 74 315 (2019).
References
[1] Kjell Cnops, Barry P Rand, David Cheyns, Bregt Verreet, Max A Empl, and Paul Heremans.
8.4% efficient fullerene-free organic solar cells exploiting long-range exciton energy transfer. Nature
Communications, 5:3406, 2014.
[2] Jin-Peng Yang, Fabio Bussolotti, Satoshi Kera, and Nobuo Ueno. Origin and role of gap states
in organic semiconductor studied by UPS: as the nature of organic molecular crystals. Journal
of Physics D: Applied Physics, 50(42):423002, 2017.
[3] T Hosokai, H Machida, A Gerlach, S Kera, F Schreiber, and N Ueno. Impact of structural
imperfections on the energy-level alignment in organic films. Physical Review B, 83(19):195310,
2011.
[4] Takeaki Sakurai, Susumu Toyoshima, Hikaru Kitazume, Shigeru Masuda, Hiroo Kato, and Kat-
suhiro Akimoto. Influence of gap states on electrical properties at interface between bathocuproine
and various types of metals. Journal of Applied Physics, 107(4):043707, 2010.
[5] Fabio Bussolotti, Jinpeng Yang, Alexander Hinderhofer, Yuli Huang, Wei Chen, Satoshi Kera,
Andrew TS Wee, and Nobuo Ueno. Origin of the energy level alignment at organic/organic
interfaces: The role of structural defects. Physical Review B, 89(11):115319, 2014.
[6] Hiroyuki Yoshida. Near-ultraviolet inverse photoemission spectroscopy using ultra-low energy
electrons. Chemical Physics Letters, 539:180–185, 2012.
[7] Y Takeichi, N Inami, H Suga, C Miyamoto, T Ueno, K Mase, Y Takahashi, and K Ono. Design
and performance of a compact scanning transmission x-ray microscope at the photon factory.
Review of Scientific Instruments, 87(1):013704, 2016.
[8] Alexandre L. Foggiatto and Takeaki Sakurai. Charge transfer induced by MoO3 at boron sub-
phthalocyanine chloride/α-sexithiophene heterojunction interface. Japanese Journal of Applied
Physics, 57(3S2):03EE01, jan 2018.
[9] Alexandre L. Foggiatto, Hiroki Suga, Yasuo Takeichi, Kanta Ono, Yoshio Takahashi, Kentaro
Kutsukake, Takahiro Ueba, Satoshi Kera, and Takeaki Sakurai. Dependence of substrate work
function on the energy-level alignment at organic–organic heterojunction interface. Japanese
Journal of Applied Physics, 58(SB):SBBG06, feb 2019.
[10] Alexandre L Foggiatto, Yasuo Takeichi, Kanta Ono, Hiroki Suga, Yoshio Takahashi, Michael A
Fusella, Jordan T Dull, Barry P Rand, Kentaro Kutsukake, and Takeaki Sakurai. Study of local
structure at crystalline rubrene grain boundaries via scanning transmission x-ray microscopy.
Organic Electronics, 74:315–320, 2019.
[11] Michael A Fusella, Siyu Yang, Kevin Abbasi, Hyun Ho Choi, Zhuozhi Yao, Vitaly Podzorov,
Amir Avishai, and Barry P Rand. Use of an underlayer for large area crystallization of rubrene
thin films. Chemistry of Materials, 29(16):6666–6673, 2017.
10
